We report the first cloning and characterization of cDNA encoding a putative vitellogenin (Vg) receptor (VgR) from the shrimp, Penaeus monodon.
INTRODUCTION
In oviparous animals, female maturation is characterized by the synthesis of a major yolk protein called vitellin, a glycolipophosphoprotein important for providing nutrition to developing embryos. Vitellin is derived from the yolk precursor, vitellogenin (Vg). In shrimp, extraovarian Vg synthesized in the hepatopancreas is presumably secreted into the hemolymph, where it is sequestered into the developing oocytes by the Vg receptor (VgR) through receptor-mediated endocytosis [1] [2] [3] . Thus the VgR plays an important role in oocyte maturation. VgRs have been characterized in many vertebrates, including the chicken, Gallus gallus [4] , the frog, Xenopus laevis [5, 6] , and the fish, Oncorhynchus mykiss [7] and Oreochromis aureus [8] . In chicken and frog, VgR is a member of the low-density lipoprotein (LDL) receptor (LDLR) superfamily, with eight class-A, cysteine-rich repeated motifs making up its ligand-binding domain (LBD) [4, 5] . Depending on the species, the VgR can be specific or nonspecific for its ligand(s). For example, chicken VgR is multifunctional and is involved in transport of Vg, very low-density lipoprotein (VLDL), a2-macroglobulin, and lactoferrin into oocytes [4, 9, 10] .
In invertebrates, the yolk protein receptor has been described for a number of species, including the fruit fly, Drosophila melanogaster [11] , the mosquito, Aedes aegypti [12] , the fire ant, Solenopsis invicta [13] , and the cockroaches, Blattela germanica, Leucophaea maderae, Periplaneta americana [14] . Although insect VgRs have many similarities to vertebrate VgRs, at 190-214 kDa they are about twice the size of the vertebrate VgRs (95-115 kDa) [5, [10] [11] [12] . All insect VgRs described to date contain two LBDs, and each domain comprises five or eight Class A cysteine-rich repeats [14] [15] [16] . In contrast, the vertebrate VgRs have a single LBD comprising eight class-A cysteine-rich repeats only [1, 2, 5, 7] . In addition, AaVgR and Dm yolk polypeptide receptor (YPR) contain two epidermal growth factor (EGF) precursor homology domains rather than one, as in the vertebrate VgRs. In both insect and vertebrate VgRs, the binding of Vg is saturable and ovary specific. VgR also shows high Vg affinity/specificity, and is sensitive to changes in pH and Ca 2þ concentration [1] [2] [3] . As in other oviparous animals, shrimp reproduction is characterized by rapid synthesis of the egg yolk proteins. The major egg yolk protein, vitellin, is synthesized in the ovary from the Vg subunits. Unlike the vertebrates and most insects, both extraovarian and intraovarian sources are responsible for the synthesis of the Vg subunits in shrimp [17] [18] [19] [20] . The hepatopancreas is the site of extraovarian Vg production. After its synthesis from the hepatopancreas, Vg is transported to the ovary via the hemolymph, where it is thought to enter the oocyte by receptor-mediated endocytosis. However, information on crustacean VgR is limited to a few species. Limited studies on the VgR and Vg binding have been performed in the fresh water shrimp, Macrobrachium rosenbergii [21] , and in the lobster, Homarus americanus [22] . In a more recent study, the estimated molecular weight of the VgR of the crab, Scylla serrata, is 230 kDa, and it exhibited high affinity to the crab Vg in the presence of Ca 2þ [23] . It also bound to mammal LDL and VLDL, suggesting the presence of conserved receptorbinding sites between the crab Vg and the mammalian LDL and VLDL. So far, VgR has not been characterized at the molecular level in any crustaceans. In recent years, aquaculture has become a key provider of quality shrimp meat, and P. monodon is one of the important species cultured. The development of reliable techniques to manipulate gonad maturation will emerge only once knowledge on reproduction and the processes of Vg production and processing is developed. The main objectives of this study were: 1) to clone the cDNA encoding the putative VgR of the shrimp P. monodon; 2) to study its developmental expression during the gonad maturation cycle; and 3) to perform functional characterization of VgR with double-stranded RNA (dsRNA) interference.
MATERIALS AND METHODS

Experiment Animals
Adult females (200-250 g) were purchased from a local seafood market. They were acclimated to laboratory conditions at 258C, salinity of 30 ppt, and a 12L:12D photoperiod over 3 days. The ovary maturation stage of the female was determined by gonadosomatic index (GSI; the percentage of gonad weight to total body weight) and the appearance of the ovary.
RNA Extraction
Ovaries or hepatopancreas of females were dissected and homogenized in denaturing solution (6 M guanidium thiocyanate, 0.5% N-lauroylsarcosine in 25 mM sodium citrate, pH 7.0, and 100 mM b-mercaptoethanol). After homogenization, 0.1 volume of 2 M sodium acetate (pH 4.0), an equal volume of phenol (pH 4.0), and 0.2 volume of chloroform were added to the homogenate. After vigorous mixing, the samples were incubated on ice for 15 min and then centrifuged at 10 000 3 g for 20 min at 48C. The upper aqueous phase was transferred to a new tube, and the total RNA was precipitated by adding an equal volume of isopropanol at À208C for 30 min. After centrifugation, RNA pellets were rinsed thrice with 75% ethanol, air dried, and dissolved in diethyl pyrocarbonate (DEPC)-treated water. The quality and quantity of total RNA was monitored by 1.2% denaturing RNA gel containing formaldehyde and optical density measurement of the absorbance at 260 nm and 280 nm with a spectrophotometer. Poly(Aþ) RNA was prepared from 1 mg ovarian total RNA with PolyAþTract mRNA Isolation kit (Promega), and the final Poly(Aþ) was dissolved in DEPC-treated water following the manufacturer's instructions.
PCR Cloning of the Full-Length VgR cDNA
Ovary total RNA (3 lg) and oligo-(dT) 12 primer were denatured in DEPCtreated water at 708C for 10 min and quickly chilled on ice for 2 min. Firststranded cDNA was synthesized by reverse transcriptase reaction. Reverse transcription reaction (378C, 3 h) was performed in a final volume of 50 ll containing 13 First strand buffer (0.2 mM dNTP mix; Amersham), 1.25 lg oligo (dT)12, 0.5 ll RNase inhibitor (31750 U/ml; Amersham), and 0.5 ll MMLV-RT (200 U/ll; USB).
For RT-PCR, the degenerate primers, VgRF8 (forward: AVYKANKF; 5 0 -GC (AT)GT(CG)TATAA(AG)GC (CA)AA(TC)AAATTC-3 0 ) and VgRR8 (reverse: MNFDNPVY; 5 0 -GTACAC(ACTG)GGATTGTC(GA)AAGTT-CAT-3 0 ), were designed based on conserved regions of Drosophila yolkless cDNA [11] . The reaction mix consisted of 13 reaction buffer, 1.5 mM MgCl 2 , 0.2 mM dNTP mix (Amersham), 0.5 lM each of a pair of forward degenerate primers (PmVgF8) and reverse primers (PmVgR8), 0.1 ll Taq DNA polymerase (5 U/ll), and 1 ll of the RT mix was added as template. PCR amplification was performed with denaturation at 958C for 1 min, followed by 34 cycles of denaturation at 958C for 1 min, annealing at 588C for 1 min, and extension at 728C for 2 min. At the end of the PCR, the reaction was further incubated at 728C for 10 min. The amplified PCR product was subcloned into the pGEM-T vector and sequenced from both ends by Big Dye terminator v2.1 cycle sequencing kit (USA Scientific) and ABI Prism 3100 autosequencer (Applied Biosystems). Nucleotide sequences were analyzed by BlastP search database from GenBank. As the sequencing results revealed high similarity of the shrimp partial cDNA to mosquito VgRs, several gene-specific primers were designed for 5 0 and 3 0 rapid amplification of cDNA ends (RACE) to clone the full-length VgR (Fig. 1) .
The 5 0 and 3 0 RACE were performed with a kit (Roche) and the procedure followed the manufacturer's instruction. For 5 0 RACE, the first-stranded cDNA was produced from 2 lg ovary total RNA with gene-specific primers (5 0 RACE1-5 0 RACE 10; for location, see Fig. 1 ), and PCR was performed with another gene-specific primer (but upstream to the one used in reverse transcription) and the adapter primers provided in the kit. A total of 30 cycles (denaturation at 958C for 1 min, annealing at 608C for 30 sec, and extension at 728C for 3 min). Similarly, 3
0 RACE was also performed with the same kit. The first-stranded cDNA was produced by reverse transcription with the oligo(dT)-adapter primer provided in the kit. A nested PCR was performed with the forward gene-specific primers. For 5 0 and 3 0 RACE, PCR products were analyzed on agarose gel followed by Southern blot hybridization before subcloning into sequencing vector (pGEM-T; Promega) and analyzed by DNA sequencing.
Sequence Comparisons and Phylogenetic Analyses
Representative sequences of VgRs and related proteins were obtained from GenBank. These included VgRs for: the insects, B. germanica Blage_VgR (GenBank ID CAJ19121), L. maderae Leuma_VgR (BAE93218), P. americana Peram_VgR [24] (BAC02725), A. aegypti Aedae_VgR (AAK15810), S. invicta Solin_VgR (AAP92450), Dermacentor variabilis Derva_VgR, (AAZ31260); fish, Morone americana Moram_VgR (AAO92396), O. aureus oreau_VgR (AAO27569); chicken, G. gallus Galga_VgR (P98165); frog, X. laevis Xenla_VgR (BAA22145); and shrimp P. monodon Penmo_VgR (EU024890); the VLDL receptors (VLDLR) of G. gallus Galga_VLDLR (NP990560), Homo sapiens Homsa_VLDLR (NP990560), and Mus musculus Musmu_VLDLR (AAA59384); and the LDLRs of Mus musculus Musmu_LDLR (AAH19207) and Homo sapiens Homsa_LDLR (AAP72971). These sequences were analyzed with Clustal X (EMBL-European Bioinformatics Institute, Cambridge, UK; http://www.ebi.ac. uk/Tools/clustalW2/index.html). Poorly aligned positions and divergent regions were eliminated by using gblocks 0.91b [25] . The resulting alignment was analyzed with the PHYML program based on the maximum-likelihood principle with the amino acid substitution model. Four substitution rate categories with a gamma shape parameter of 1.444 were used. The data were bootstrapped for 100 replicates with PHYML.
Northern Blot Analysis VgR Expression
Poly Aþ RNA from the ovaries and other tissues were prepared with a Poly Aþ RNA synthesis kit (Promega). RNAs were analyzed by formaldehyde agarose gel electrophoresis and mRNAs from the gel were blotted onto an Immobilon Nylon membrane (Millipore Corp., Bedford, MA). After the RNA was ultraviolet cross-linked, the blot was hybridized in high-SDS hybridization buffer containing a nonradioactive probe at 508C for overnight. The probe was derived from the 1.2-kb cDNA fragment of VgR. It was synthesized by a nonradioactive digoxigenin (DIG) DNA Labeling Kit (Roche). After hybridization, the membrane was washed in 23 saline-sodium citrate (SSC) with 0.1% SDS twice for 15 min, and then in 0.13 SSC with 0.1% SDS twice for 15 min at 588C. For signal detection, the membrane was incubated in 1:20 000 anti-DIG-AP conjugate in 13 blocking buffer. For detection, 200 ll CDP-Star (Roche) was added onto the membrane, luminescent signal was exposed on a film, and the film was developed by a Kodak film processor. As for RT-PCR detection of VgR expression, primers (forward, 5
0 -ATGAGTTC-CATCGGTACTGGGTATGAT-3 0 ; reverse, 5 0 -GCAGACCCATGAT-AATTCTAGT-3 0 ) were designed for PCR amplification. For PCR, 1/10 volume of reverse transcription reaction product was used as template with similar temperature profiles as described previously here. The b-actin (Actb) gene was used as an internal control for normalizing the expression [26] . For quantitative analysis of the expression level of VgR and Vg protein, the software ImageJ was used [27] .
Generation of Anti-VgR Antibody and Immunodetection
A synthetic peptide (i.e., QNVLKPPVELRVEWD) derived from the Cterminal end of VgR (i.e., AA1916-1930) was used as antigen to inject rabbits for antibody production. The synthetic peptide was derived from the C-terminal end of the VgR. For antibody production, all procedures and handling of animals described here were reviewed and approved by the university laboratory animal care and use committee, and were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals. About 100 lg of the peptide was used to inject a New Zealand white rabbit at three different locations. The injection was repeated twice at a 12-day interval. At 1 wk after the third injection, the antibody titer was monitored and high titer of VgR was prepared from the rabbit whole blood. For Western blot analysis, soluble proteins from ovaries and other tissues were separated by 8% SDS-PAGE and transferred to nitrocellulose membrane. After blocking with 5% nonfat milk in Tris-buffered saline (TBS), the membrane was incubated in primary antibody solution at a dilution of 1:10 000. After washing with 0.3% Tween-20 in TBS (TBST), the membrane was incubated with alkaline phosphate-conjugated goat anti-rabbit immunoglobulin G (1:5000) secondary antibody, and developed with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate. For immunohistochemical detection, ovarian tissues from mature females were dissected in ice-cold PBS, fixed in 4% paraformaldehyde in PBS, pH 7.4, at 48C for 16 h with gentle shaking. The fixed tissues were dehydrated in ethanol series and embedded in paraffin. Consecutive 10-lm sections were mounted onto 3-aminopropyltriethoxysaline-coated slides and dried at 378C overnight.
CHARACTERIZATION OF SHRIMP VITELLOGENIN RECEPTOR
Tissue sections were deparaffinized in xylene twice for 5 min each and rehydrated through ethanol series. Endogenous peroxidase was removed by incubating the sections in 3% H 2 O 2 for 5 min and rinsed briefly with PBS. The immumohistochemical staining of sections was performed with a Vectastain Elite ABC kit (Vector Laboratories) according to the manufacturer's instructions. The sections were blocked in 5% normal serum for 1 h at room temperature. After blotting the excess blocking serum, the sections were incubated in anti-VgR antibody (1:10 000 in TBS) overnight at 48C. The negative control sections were incubated in preimmune rabbit serum instead. After overnight incubation, the sections were washed in a large volume of PBS with gentle agitation and were incubated in a biotinylated secondary antibody solution for 30 min at room temperature. After washing, the sections were further incubated in Vectastain Elite ABC reagent for 30 min at room temperature, and peroxidase substrate solution (1.39 mM 3,3
0 -diaimnobenzidine [Sigma, St. Louis, MO] in 0.01% H 2 O 2 ) was added for color development, which was terminated by rinsing t he sections in running tap water.
Functional Study of VgR by RNA Interference
To prepare DNA template for dsRNA synthesis, DNA corresponding to the EGF domain of VgR was amplified by PCR with T7 promoter linked primers (VgRT7-EGF.F1:
. PCR was performed with similar temperature profiles described previously here. The resulting PCR products were analyzed by 2% agarose gel electrophoresis. The target PCR product band was purified by the GENECLEAN II kit (QBioGene). For the synthesis of VgR dsRNA, 1-2 lg of purified T 7 promoter-linked VgR cDNA was used as template, and the transcription reaction was performed with T 7 Megascript RNAi Kit (Ambion) according to the manufacturer's recommendations. In 20 ll reaction, DNA template was mixed with nuclease-free water, 2 ll 103 T 7 reaction buffer, 2 ll ATP solution, 2 ll CTP solution, 2 ll GTP solution, 2 ll UTP solution, and 2 ll T 7 enzyme mix. The mixture was incubated at 378C for 18 h. During the transcription, the two RNA strands were hybridized to form dsRNA. Shrimp (160-200 g) with similar GSIs of 3-4 were used for dsRNA injection: 20 lg of VgR dsRNA (50 ll in 13 PBS) was injected into shrimp through the arthrodial membrane of the periopods by a Hamilton syringe. The controls received either a nonspecific dsRNA (i.e., a Drosophila dsRNA provided by the Megascript RNAi kit; Ambion) or PBS injection. Five microliters of hemolymph was taken from shrimp at 48, 72, and 96 h after the injection. The hemolymph was dispensed into 200 ll of sodium bicarbonate buffer (0.05 M, pH 9.6) and total protein was analyzed by SDS-PAGE and Western blot with P. monodonspecific Vg antibodies. At the end of the experimental period (i.e., 96 h), shrimp were killed for total RNA preparation from different tissues. The relative level of VgR expression in the ovary was used to indicate the comparative effect of RNAi between the treatment and control groups.
RESULTS
Cloning of the Shrimp Ovary VgR cDNAs
For initial RT-PCR, a cDNA fragment of 130 bp was amplified from the ovary, and DNA sequencing revealed that the cDNA carried coding sequence homologous to the second LBD of the insect VgR (Fig. 1, dark bar) . Gene-specific primers were designed to clone the full-length cDNA of the shrimp VgR (Fig. 1, Table 1 ). For 5 0 RACE, several pairs of gene-specific reverse primers (i.e., 5 0 RACE1-5 0 RACE10) were designed, and four different overlapping 5 0 cDNA clones were isolated with this primer walking approach. For 3 0 RACE, the gene-specific primers (i.e., 3 0 RACE1 and 3 0 RACE2) were designed and a large 3 0 -end cDNA clone was obtained (Fig. 1 , Table 1 ). The shrimp full-length VgR cDNA was reconstructed from these overlapping clones. Final confirmation of the coding sequence was performed by RT-PCR with primers ORF.F and ORF.R. The reconstructed VgR cDNA is 6037 bp, with the longest open reading frame of 5823 bp coding for 1941 deduced amino acids (Fig. 2) with an estimated molecular weight of 211 kDa and isoelectric point of 5.27. The shrimp VgR cDNAs consist of a 109 bp 5 0 noncoding region and a 102 bp 3 0 noncoding region with the polyadenylation signal site (i.e., ATTAAA) located at 70 bp downstream from the stop codon (GenBank ID EU024890). Using the signal peptide prediction software [28] , it was predicted that amino acid residues 1-22 represent the signal peptide region of VgR (Fig.  2) .
SMART program analysis results revealed that VgR belongs to the LDLR superfamily, as it consists of characteristic modular elements found in members of this group (Fig. 3A) . P. monodon VgR consists of two LBDs, and each consists of five or eight class-A cystenine-rich repeats. Each LBD is followed by an EGF homology domain that contains two types of motifs (i.e., the class-B repeats with six-cystenine residues and the YWXD repeats). Following the second EGF homology domain, there is an O-linked sugar domain, a single-pass transmembrane domain, and a cytoplasmic tail, which contains two internalization signal (NPX(Y)F) motifs. Additionally, there is an Src homology 3 (SH3) binding motif (XUPXXP), located at AA1860-1865 (Fig.  2) . The shrimp VgR consists of 13 putative N-linked glycosylation sites with conserved NX(S/T) motif (predicted by NetNGlye 1.0 http://npsa-pbil.ibcp.fr) and 80 putative phosphorylation sites on serine or threonine (as predicted by NetPhos 2.0 software www.cbs.dtu.dk/services/NetPhos/).
Sequence Comparison and Phylogenetic Analysis
Similar to insect VgRs, the P. monodon VgR (211 kDa) is almost twice the size of most vertebrate VgRs. The larger size of P. monodon VgR is due to the additional LBD and the EGF precursor homology domain (Fig. 3A) . BLASTX search analysis revealed that the shrimp VgR cDNA was most similar to the cockroach, B. germanica VgR (31% overall identity), P. americana receptor (31% overall), L. maderae VgR (30% overall identity), and mosquito A. aegypti VgR (30% identity overall) (Fig. 3B) . Except for the fire ant, S. invicta, the shrimp and most insect deduced VgR also have an O-linked sugar domain and EGF homology domains. The P. monodon VgR shared 27%-29% overall similarity to the VLDL and vitellogenin receptors VLDLR of vertebrate. However, a much higher sequence identity was observed in the conserved in the EGF domain and the cysteine-rich region of the LBDs. The FXNPX(Y/F) sequence, which is indispensable for the LDLR family to cluster in coated pits, was not identified in the shrimp VgR (see Fig. 2 ). However, two sequences (i.e., FANPGF and FENPFF), which show high sequence identity to FDNPVY, were identified in the C-terminal end (i.e., AA1834-1839 and AA1874-1879) in the shrimp VgR. Maximum-likelihood analysis of the shrimp VgR, with insect VgRs, the VLDLRs, and LDLR of the vertebrates as out-groups, generated a tree, the topology of which follows the current phylogeny of these species (Fig. 4) , with the shrimp VgR closer to those of the insects than to those of the vertebrates.
Tissue-Specific Expression of the Shrimp VgR during Gonad Maturation Cycle
Northern blot revealed a 7.0-kb VgR transcript detected exclusively in ovaries and specifically not in eyestalk, brain, thoracic ganglion, ventral nerve cord, gill, gut, heart, hepatopancreas, or swimming legs (Fig. 5A) . Gel staining revealed that the VgR transcript level was low in the ovary of shrimp with low GSI (i.e., GSI ,0.8), increased in shrimp with a GSI of 1.6, reached a maximum in females with a GSI of 3-4 (Fig. 5, B and C) , and decreased toward the end of the gonad CHARACTERIZATION OF SHRIMP VITELLOGENIN RECEPTOR maturation cycle (GSI ¼ 4-13.3). To determine if there is a correlation in the expression of Vg and the VgR, we also studied the expression of the P. monodon Vg in the hepatopancreas and the ovary of these shrimp. The maximum expression level of Vg in the hepatopancreas was at the early phase (i.e., GSI ¼ 0.8-3.0), and then decreased and remained low in shrimp with a GSI of 4-13.3 (Fig. 5B) . Northern blot analysis of Vg transcript expression, however, showed a different pattern to that of the protein product. In the hepatopancreas, the level of Vg transcript was low initially (GSI ,3), increasing for shrimp with a GSI of 4-9, and remaining high toward the end of ovarian maturation. When the expression level of Vg in the hepatopancreas started to decrease, an increase of Vg transcript was recorded in the ovary until an advanced gonad maturation stage (i.e., GSI ¼ 13.3) (Fig. 5B) . The increases in specific Vg protein level may have been due to the accumulation of Vg from both the extraovarian (hepatopancreas) and intraovarian sources.
Identification of VgR Protein in Ovary
Analysis of tissue extracts probed by antigens to a synthetic peptide derived from the C-terminal end of VgR indicated the presence of Vg protein in the ovarian tissues, but not in the eyestalk, gill, heart, hemolymph, muscles, nerve cord, or swimming legs (Fig. 6A) . The amount of VgR detected in the ovary was low in early mature shrimp (i.e., GSI ¼ 0.7), increased to a maximum in shrimp with a GSI of 1.6-3.3, and decreased toward the end of the maturation cycle (Fig. 6, B and  D) . In contrast, the ovary Vg level was low in the early stages and increased toward the end of gonad maturation (Fig. 6, C  and D) . Immunohistochemical analysis of the ovary sections showed that Vg was evenly distributed in the cytoplasm of the (Fig. 7A) . In contrast, similar analysis with anti-VgR antibody detected VgR only in the cytoplasm of small oocytes. The VgR immunopositive signals were detected strongly in the plasma membrane and weakly in the cytoplasm of the large oocytes. No signal was detected in the follicle cells of the ovary (Fig. 7B) . As a reference, immunohistochemical analysis performed with similar ovary sections showed that Vg, unlike the VgR, was evenly distributed in the cytoplasm of the oocytes (Fig. 7A) . The control, with preimmune serum of the rabbit, did not show any signal (Fig. 7C) .
Functional Analysis of VgR by RNA Interference
Relative to the control, only a slight change in VgR expression level was recorded in dsRNA-injected shrimp after 24 h. However, significant VgR gene knockdown was detected in shrimp after 48, 72, and 96 h (Fig. 8A) . The decrease in VgR transcript level represented a drop of 90%. The degree of gene knockdown also varied from individual to individual. For example, VgR transcript was detected in some shrimp at 48 and 72 h after injection, but was undetectable in other individuals at those times (Fig. 8A) . Western blot analysis of ovarian VgR protein of these shrimp confirmed that the VgR protein level also dropped significantly (Fig. 8B) . The SDS-PAGE and Western blot analysis of the ovarian protein of these animals showed that the ovary Vg level of the injected shrimp dropped significantly (Fig. 9A) . Although Coomassie blue staining of the gel did not reveal dramatic changes in specific ovarian protein, Western blot revealed a significantly higher level of Vg present in the hemolymph of these dsRNA-injected females (Fig. 9B) . For example, the ovary Vg protein levels in the dsRNA-injected shrimp at 48 h were about four times less than the control. The sizes of these proteins corresponded to the Vg subunit identified in our previous studies [17, 18] . Unlike the ovary, Vg-specific proteins detected in the hemolymph also increased in shrimp injected with dsRNA for VgR. The results from analyzing the Vg gene expression in the hepatopancreas (Fig. 9 , C and D) of the VgR dsRNA-injected shrimp showed that there were no significant changes in the shrimp Vg transcript level in the hepatopancreas (Fig. 9C) or ovary (Fig. 9D ) of the dsRNA-injected animals as compared to the control.
DISCUSSION
The present study has identified and characterized a cDNA that encodes an ovarian VgR in the shrimp, P. monodon. Until now, the only VgR reported for a crustacean was that of the crab, S. serrata, where VgR was purified by gel filtration and HPLC, and its molecular weight was estimated to be 230 kDa.
Although the sequence was unknown, the affinity of crab VgR increased in the presence of Ca 2þ and the binding was inhibited by suramin, suggesting similarities between crab VgR and the LDLR protein superfamily. Moreover, the crab VgR also showed significant binding to mammalian atherogenic lipoproteins, such as LDL and VLDL [23] . The determination of the nucleotide and amino acid sequences for P. monodon VgR allowed direct comparison of the homology of crustaceans with that of other species. This analysis confirmed significant conservation of the amino acid sequence with the insects and vertebrates. It also suggested conservation of receptor binding sites between crustacean and insect VgR and vertebrate VgR, LDL, and VLDL. The shrimp VgR has a molecular weight (211 kDa) similar to that of the crab (230 kDa) and insects (190-214 kDa), and much larger than that of the vertebrates. The greater number of amino acids reflects the presence of additional LBD and the EGF precursor homology domains in VgR.
Once the Vg and VgR form a complex and have been transported into the oocytes, the entry of the complex into yolk vesicle is controlled by internalization signals [3] . Vertebrate LDLR family members, including the GgVgR/LR8, contain one or more ''tight-turn tyrosine'' internalization signals (FXNPXY). Although A. aegypti VgR and Drosophila YPR share a region of homology with the vertebrate signal, their motifs lack the critical Tyr residue necessary for internalization [3] . Instead, both insect receptors contain dileucine and/or leucine isoleucine motifs, recently identified as alternative internalization signals in some receptors. For example, Roehrkasten and Ferenz [29] studied the role of the lysine and arginine residues of Vg in high-affinity binding to VgRs in locust oocyte and yolk vesicle membranes. P. monodon has two putative internalization signals (i.e., FANPGFG and FENPFF) and several IL and LI sites (Fig. 2) , suggesting that it may use either one or both of these two types as internalization signals.
Currently, there is no information on VgR expression in other crustaceans. However, like most insects, the shrimp VgR was expressed exclusively in the ovary (Fig. 5) . During shrimp gonad maturation cycle, VgR expression levels were high at early vitellogenic stage (i.e., GSI ¼ 3-4) and declined thereafter. VgR transcript was also present in small oocytes less than 100 lm in diameter (previtellogenic oocytes), and the transcript level increased at the onset of Vg uptake into the oocytes. Notice also that VgR transcript level is high in the fully matured female (GSI ¼ 12.4). This may be due to the need of new VgR proteins for another cycle of Vg uptake. This pattern is similar to that of the insects. In the cockroaches, P. americanus and B. germanica, VgR mRNA levels are high at previtellogenic period, and decline thereafter during the remaining vitellogenic phase, consistent with this interpretation. VgR transcripts can be detected in previtellogenic oocytes of less than 0.3 mm in diameter up to oocytes in early vitellogenic development measuring up to 1 mm [30] . In rainbow trout, VgR mRNA was expressed at high levels in previtellogenic ovary (i.e., small follicle cells ,0.3 mm in diameter), and maximal levels of expression were reached in follicles initiating vitellogenic development [30] . The previtellogenic stage appears to be a period of development during which there is a significant increase in the number of mRNAs coding for receptors and enzymes (e.g., cathepsin D, which mediates the proteolytic processing of Vg into yolk that are required for vitellogenic development). Vg sequestration in rainbow trout occurs until a period shortly before ovulation, when oocytes measure up to 5 lm in diameter. Transcription of Vg receptor mRNA ceases well before this time [31] . The cellular distribution of the shrimp VgR protein, as determined by immunocytochemical techniques, was also consistent with the interpretation that this protein is a VgR. In early vitellogenic ovary of the shrimp, VgR was distributed evenly throughout the oocyte cytoplasm, with a dense accumulation in the membrane of the larger oocytes (Fig.  7B ). In the previtellogenic fruit fly, D. melanogaster, the mosquito, A. aegypti, and the cockroaches, P. americana and B. germanica, VgR is spread over the oocyte cytoplasm and accumulates in the cortex (i.e., oocyte membrane) only after vitellogenesis begins [11, 30] . Thus, these VgR (including the shrimp VgR) proteins are recruited to the oocyte surface before Vg uptake is initiated, as has also been reported in fish, frog, and chicken [32, 33] . In insects and shrimp, such relocalization of VgR to oocyte membrane suggests that protein sorting in the oocyte membrane is spontaneous and follows the universal pathway involving the exocyte complex [34] .
RNAi with dsRNA successfully knocked down VgR expression in the cockroach, B. germanica, and the tick, D. variabilis [30, 34] . The loss of ligand binding function led to inability of oocytes to enter the rapid growth phase, and in the cockroach, accumulation of Vg in the hemolymph was so dramatic that the protein was processed as in the ovary [24, 30] . Thus, in vivo RNAi experiments were attempted to knock down VgR gene function. The shrimp VgR dsRNA efficiently and specifically disrupted the function of Vg uptake by the oocyte as the amount of extraovarian Vg accumulated in the hemolymph and the amount of Vg in the oocyte in the dsRNAtreated shrimp decreased. The absence of any significant effect on Vg transcript level in ovary and hepatopancreas suggested that the lower amount of ovarian Vg is due to the lack of Vg uptake into the oocyte because of the lower amount of functional VgR on the oocyte membrane.
In conclusion, a full-length cDNA that encodes for a protein with the characteristics of an LDLR or VgR has been cloned and identified in the shrimp, P. monodon. Biochemical, molecular, and RNAi analyses indicate that this receptor is likely to be involved in the endocytosis of extraovarian Vg into developing egg cells, and that the cDNA most likely encodes a shrimp VgR. 
CHARACTERIZATION OF SHRIMP VITELLOGENIN RECEPTOR
